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Al-27%Cu-5.3%Si ternary eutectic alloy was melted using a YAG laser and then solidified while being acoustically levitated. A 
maximum undercooling to 195 K (0.24 TL) was achieved with a cooling rate of 76 K/s. The solidification microstructure was 
composed of (Al+θ+Si) ternary eutectics and (Al+θ) pseudobinary eutectics. During acoustic levitation, the (Al+θ+Si) ternary 
eutectics are refined and the (Al+θ) pseudobinary eutectics have morphological diversity. On the surface of the alloys, surface 
oscillations and acoustic streaming promote the nucleation of the three eutectic phases and expedite the cooling process. This 
results in the refinement of the ternary eutectic microstructure. During experiments, the reflector decreases with increasing alloy 
temperature, and the levitation distance always exceeds the resonant distance. Because of the acoustic radiation pressure, the 
melted alloy was flattened, and deformation increases with increasing sound pressure. The maximum aspect ratio achieved was 
6.64, corresponding to a sound pressure of 1.8×104 Pa. 
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Recently, with the rapid development of astronautics, space 
material sciences and technologies have become an im-
portant research subject. Because of the technical complex-
ity and high costs of space flight, there have been limited 
chances to implement space experiments. Fortunately, 
ground simulation research provides alternative approaches 
for this field. Single-axis acoustic levitators can yield an 
acoustic radiation force with an intense acoustic field to 
counteract gravity. There are no special requirements re-
garding the electromagnetic properties of the levitated sam-
ples and can be applied to conductors and nonconductors. 
This includes ceramics, organic materials and molecular 
liquids. Therefore, it is a promising method for simulating 
the containerless states in space on Earth [1,2]. The con-
tainerless effect can be used to avoid melt contamination 
and is widely used in the study of melt undercooling, ther-
mophysics and liquid droplet dynamics [3–9].  
Because the levitation stability is very sensitive to the 
physical parameters of sample and gas medium, it is diffi-
cult to perform solidification experiments of alloys with 
high melting temperatures. Previously, the containerless 
melting and solidification of low-melting point materials, 
such as Bi-Ga and Pb-Sn alloys, were performed using the 
single-axis acoustic levitation technique [3–5]. In this paper, 
we have extended the application of single-axis acoustic 
levitation to the containerless processing of an Al-27%Cu- 
5.3%Si ternary alloy, which has a higher melting point than 
alloys that have been investigated previously [10]. The 
mechanisms of rapid eutectic growth during acoustic levita-
tion were studied. Also we considered the effects of the 
containerless states and ultrasonic waves. 
1  Experimental method 
The samples are prepared from pure Al (99.99%), Cu 
(99.999%) and Si (99.99%) using a laser melting furnace [11]. 
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Each sample has a mass of about 0.1 g and its equivalent 
spherical radius is about 2 mm. The main parts of the ex-
perimental setup are schematically shown in Figure 1. The 
single-axis acoustic levitation system was actuated using a 
piezoelectric transducer (independently developed), which 
generates ultrasonic waves with a frequency of 20 kHz. 
During the experiment, the sample was levitated in the  
first resonant state. The elastic reflector is self-adaptable, 
which can be used to enhance the levitation stability of the 
alloy [12]. To avoid the oxidation of alloy during heating 
and cooling, the emitter and elastic reflector were enclosed 
in a Φ54×120 mm quartz tube and were protected using 
flowing Ar gas. The heating procedure was performed using 
a focused Trumpf HL 1006D Nd:YAG laser (Trumpf, Ger-
many) with a wavelength of 1064 nm. The heating power in 
the experiments was 400 W. The heating duration was 2 s. 
After the laser is turned off, the levitated alloy melt cools 
while in the levitated state. The sample temperature was 
measured using a PbS infrared detector (independently de-
veloped), which was calibrated to true temperatures with a 
NiCr-NiSi thermocouple (self-manufactured).  
The melting and cooling processes of the levitated alloy 
were recorded using a MVC1000SAC-GE30 CMOS camera 
(Microview, China). Figure 2 shows recorded images of the  
 
 
Figure 1  Schematic diagram of the acoustic levitation apparatus. 
 
Figure 2  Containerless melting and solidification of acoustically levitat-
ed Al-27%Cu-5.3%Si alloy. (a) t=0 s, stable levitation of the solid; (b) t=1 s, 
partial melting; (c) t=2 s, overheated melting; (d) t=15 s, completely solidi-
fied. 
containerless processing of the Al-27%Cu-5.3%Si ternary 
alloy. At laser heating time t=0 s, the alloy is solid and is 
stably levitated in the gas medium. At heating time t=1 s, 
the alloy is partially melted. Once the heating time reaches 
2 s, the alloy is completely melted, and the central part of 
its top and bottom surfaces changes from a convex shape 
to a concave shape. This can be seen in Figure 2(c). After 
the laser is turned off, the temperature of the alloy and gas 
medium decrease continuously and the pancake-like de-
formation is still present after the alloy has completely 
solidified (t=15 s). In Figure 2(d), it can be seen that the 
equatorial radius, a, of the deformed alloy is 2.85 mm, and 
the polar radius b is 1.1 mm, which correspond to an as-
pect ratio (a/b) of 2.59. From the experimental results of 
the containerless processing using this improved acoustic 
levitator, we concluded that elastic reflector can offer a 
self-adaptive adjustment to the temperature. It is a prom-
ising method for enhancing the levitation stability during 
solidification. 
After the experiments, the solidified samples were dis-
sected, polished and etched. The thermodynamic properties, 
were analyzed using a Netzsch DSC 404C differential calo-
rimeter (Netzsch, Germany), the phase constitutions with a 
Rigaku D/max 2500 V X-ray diffractometer (Rigaku, Ja-
pan), the microstructures with a Zeiss Axiovert 200 MAT 
optical microscope (Carl Zeiss, Germany) and the solute 
distributions with an Inca 300 energy dispersive spectro-
scope (Oxford Instruments, UK). 
2  Results and discussion  
2.1  Cooling curve and levitation distance 
Figure 3(a) shows a cooling curve of the Al-27%Cu-5.3%Si 
ternary alloy. In this experiment, a maximum undercooling 
of 195 K (0.24 TL) was achieved, and the average cooling 
rate was 76 K/s.  
The temperature of the gas medium varies with the melt-
ing and solidification of the alloy. This temperature varia-
tion results in changes in the medium density and acoustic 
wavelength. Therefore, instabilities are introduced into the 
acoustic levitation [13]. Here, we define the levitation dis-
tance as H, which denotes the distance between the emitter 
and the center of reflector. By analyzing the recorded imag-
es in Figure 2 with a digital image processing method, the 
levitation distance H was determined for different tempera-
tures. According to Figure 3(b), the levitation distance H 
increases with the rising temperature. The calculation of the 
resonant distance, Hr, is based on the work of Xie et al. [14]. 
Hr is calculated and plotted with dashed line in Figure 3(b). 
The resonant distance, Hr, also increases with increasing 
temperature, and is always smaller than the levitation dis-
tance H. This indicates that the levitation distance should be 
larger than the resonant distance for the stable levitation of  
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Figure 3  Cooling curve together with levitation and resonant distances. 
(a) Cooling curve; (b) levitation and resonant distances. 
the alloy during containerless processing [15]. 
2.2  Droplet deformation mechanism 
The physical origin of the droplet deformation is the acous-
tic radiation pressure, Pr, which is a nonlinear effect of high 
intensity sound or ultrasound. King’s theory [16] shows that 
a substantial time-averaged acoustic radiation pressure re-
sults from the second-order terms of the sound pressure p 
and the medium particle velocity ν, which can be expressed 
as 






ρ ρ ν= − , (1) 
where ρ0 and c0 are the medium density and speed of sound, 
respectively. The angular brackets in eq. (1) denote a time 
average over one period of acoustic oscillation. The integral 
of the acoustic radiation pressure over the entire surface of 
the alloy contributes the acoustic radiation force for levita-
tion. Based on the spheroidal wave functions, the acoustic 
radiation pressure is given by the following equations [17]:  
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is antisymmetric, and is responsible for the droplet levita-
tion. Here, pA is the sound pressure amplitude, k is the wave 
number, x is the vertical coordinate of the levitated droplet, 
Rs is the equivalent spherical radius, and r is the radial posi-
tion on the droplet surface. 
Figure 4(a) shows the distribution of the acoustic radia-
tion pressure on the alloy sample surface. There are both 
positive and negative pressures on both the top and the bot-
tom. In the center of the alloy sample, the acoustic radiation 
pressure at the top and bottom are 4.5×10–4 and 30 Pa, re-
spectively. On the sides of the alloy sample, the acoustic 
radiation pressure of sample top and bottom is the same and 
is –1.7×102 Pa. Here, the positive pressure on the central 
regions of sample top and bottom compresses the objection. 
However, the negative pressure on the peripheral regions 
has a suction effect. Therefore, the acoustic radiation pres-
sure on the alloy surface has a tendency to flatten the alloy 
sample. The molten alloy deforms into different shapes, 
such as ellipsoids or pancake-like structures, immediately 
after the alloy is transformed from solid to liquid.  
The equilibrium shape of the levitated droplet is deter-
mined by the balance between the acoustic radiation pres-
sure and the surface tension of the alloy. Marston [18] the-
oretically evaluated the effects of the acoustic radiation 
pressure on a compressible sphere using a linear and invis-
cid theory. It gives the equilibrium shape of a levitated 
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, (5) 
where rs is the distance from the point of the droplet surface 
to the droplet origin, θ is the polar angle with respect to the 
vertical axis and γ is the surface tension of the alloy. Here, 
the aspect ratio, a/b=rs(π/2)/rs(0), is studied to evaluate the 
deformation of the levitated droplets. According to eq. (5), 
the deformation of the droplet primarily depends on the 
sound pressure amplitude.  
When a droplet is acoustically levitated, the sound pres-
sure amplitude of the acoustic field, pA, must satisfy the 
condition pm ≤ pA ≤ pM. Here, pm is the minimum pressure  
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Figure 4  Acoustic radiation pressure and sound pressure. (a) Acoustic 
radiation pressure; (b) sound pressure; (c), (d) and (e) the macrostructure of 
the deformed samples. 
needed to levitate the droplet, and pM is the maximum pres- 
sure needed to ensure the droplet stability [14,17]. For 
Al-27%Cu-5.3%Si ternary alloy, pm and pM are 0.8×10
4 and 
1.8×104 Pa, respectively. From the deformation of the alloy 
sample, the sound pressure amplitude was derived using eq. 
(5). This is shown in Figure 4(b). When the aspect ratio a/b of 
the alloy is equal to 1.34, which can be seen in Figure 4(c), 
the sound pressure amplitude is about 1.0×104 Pa. When the 
sound pressure is increased, the droplet becomes flattener. It 
took on a pancake-like shape, which is shown in Figure 4(d). 
At a higher sound pressures, the central parts of its top and 
bottom surface change from a convex shape to a concave 
shape, which can be seen in Figure 4(e). At the aspect ratio of 
6.64, the corresponding sound pressure amplitude nearly 
reaches the maximum threshold pM. The aspect ratio of alloy 
sample increases with the rising sound pressure. 
2.3  Microstructural characteristics  
A thermal analysis of the Al-27%Cu-5.3%Si ternary alloy 
was performed using differential scanning calorimetry 
(DSC). A sample with a mass of 21.59 mg was heated and 
cooled at a rate of 10 K/min in an Ar gas environment. The 
measured DSC curve is shown in Figure 5(a). Its total  
 
Figure 5  Thermal analysis and X-ray diffraction of Al-27%Cu-5.3%Si 
ternary alloy. (a) DSC thermogram; (b) XRD patterns. 
melting enthalpy was determined as 344.5 J/g, and its liqui-
dus and solidus temperatures were 813 and 797 K, respec-
tively.  
To investigate the solidification characteristics of the 
material under acoustic levitation, the master alloy was 
placed in an alumina crucible to create a conventionally 
solidified sample for comparison. X-ray diffraction (XRD) 
analyses were performed on the samples solidified using the 
two different methods. The XRD patterns are shown in Fig-
ure 5(b). No metastable phases other than (Al) solid solution, 
θ(Al2Cu) intermetallic compound and (Si) semiconductor 
phase were found in either of the two samples.  
Figures 6 and 7 show the solidification morphologies of 
the Al-27%Cu-5.3%Si ternary alloy solidified using the 
two methods. Here, the white phase is the (Al) phase, the 
grey phase is the θ(Al2Cu) phase, and the black phase is 
the (Si) phase. When conventional solidification condition 
was used, the alloy undercooling was only 15 K. The so-
lidified microstructure is composed of (Al+θ+Si) ternary 
eutectics and (Al+θ) pseudobinary eutectics. This can be 
seen in Figures 6(a) and 7(a). In the (Al+θ+Si) ternary eu-
tectics, the (Al) and θ phases grow cooperatively, while   
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Figure 6  Growth morphology of the (Al+θ+Si) ternary eutectics. (a) 
Solidified using the conventional method; (b) solidified during acoustic 
levitation.  
 
Figure 7  Morphologies of the (Al+θ) pseudobinary eutectics. (a) Solidi-
fied using the conventional method; (b) solidified during acoustic levitation. 
the faceted (Si) phase grows like a needle with a preferred 
growth orientation. The average length of the (Si) phase 
was 56 μm [10]. 
The (Al) and θ phases display strong adherence and grow 
in the form of alternating lamellae like fish bones. The 
corresponding average pseudobinary eutectic spacing is 
about 8.6 μm. When the alloy was solidified during acous-
tic levitation, the maximum alloy undercooling was 
∆T=195 K. The (Al+θ+Si) ternary eutectics become finer 
and the cooperative growth between the (Al) and θ phases 
weakens. In addition, the average length of the (Si) phases 
was reduced to 12 μm, and the growth of the (Si) phase 
loses its local preferred orientation. This can be seen in 
Figure 6(b). Furthermore, the morphology of the (Al+θ) 
pseudobinary eutectics becomes diverse, forming flower- 
like or cluster structures. Also, the average pseudobinary 
eutectic spacing decreases to 5.8 μm. This can be seen in 
Figure 7(b). Energy dispersive spectrometry was applied to 
determine the solute content in the (Al) and θ phases 
formed using the two cooling methods. The maximum solu-
bility of Cu and Si in the (Al) phase is 4.4 wt% and 0.72 wt% 
using the conventional solidification method. However, the 
maximum solubility in the (Al) phase is 8.1 wt% Cu and 
1.4 wt% Si when the sample is acoustically levitated, 
which is double that of conventional solidification method. 
However, the maximum solubility of Si in the θ(Al2Cu) 
phase is 0.79 wt% and 0.98 wt% when the conventional 
and acoustic levitation methods are used, respectively. The 
variation in the maximum solubility of the θ(Al2Cu) inter-
metallic compound is relatively small. This demonstrates 
that containerless state can enhance the undercooling of the 
alloy, refine the solidification microstructure, and extend 
the solubility of the phases. 
Using the acoustic boundary condition that the sound 
pressure is continuous at the interfaces of the two media, we 
estimated the sound pressure inside the Al-27%Cu-5.3%Si 
alloy to be the same order of magnitude as that on the surface, 
i.e. ~1×104 Pa. Also, the acoustic characteristic impedance of 
the Al-27%Cu-5.3%Si alloy is about 1.9×107 Ns/m3, which is 
much larger than that of the gas medium (4.4×102 Ns/m3). 
The sound energy inside the alloy was estimated to be     
1/22000 that in the gas medium. This indicates that 99.9955% 
of the sound energy was reflected away from the alloy sur-
face into the gas medium. Therefore, the variation in sound 
pressure and the deformation of the alloy have little influence 
on the internal solidification process during acoustic levita-
tion. However, the sound pressure can affect the surface area 
of the alloy because of accompanying effects, such as surface 
oscillation and acoustic cavitation [4,5].  
Figure 8 shows the eutectic growth morphology on the 
surface of the levitated sample. The (Al+θ+Si) ternary eu-
tectic is finer and denser than that in the inside of the sam-
ple. Both the (Al) and θ phases have a globular shape with-
out preferred growth orientations. However, the (Si) phase 
grows like a worm. Figures 8(b) and (c) are the enlarge-
ments of areas A and B in Figure 8(a), respectively. The 
average pseudobinary eutectic spacing was about 1 and 4 
μm in areas A and B, respectively. It is evident that the  
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Figure 8  Surface morphology characteristics of the acoustically levitated Al-27%Cu-5.3%Si alloy with an undercooling of ∆T=195 K. (a) Macrostructure; 
(b) enlargement of area A; and (c) enlargement of area B. 
average grain size of the pseudobinary eutectic increases 
and the number of nuclei per volume decreases gradually as 
one moves from area A to area B. Using the above-men- 
tioned solidification characteristics, we conclude that the 
sound pressure has a drastic effect on the alloy surface, and 
that the influence decreases gradually as the distance from 
the alloy surface increases. The solidification mechanism of 
the surface of the Al-27%Cu-5.3%Si alloy under acoustic 
levitation can be explained as follows. First, the sound 
pressure excites oscillations and energy fluctuations. These 
introduce the additional energy for nucleation and increase 
the formation probability of nuclei on the alloy surface [4]. 
Second, the intense sound from the acoustic levitation 
causes many nonlinear effects. One of them is acoustic 
streaming, which increases the heat transfer coefficient by 
as much as a factor of four [19,20]. This large heat transfer 
coefficient accelerates the process of thermal exchange and 
rapidly reduces the temperature of the alloy surface. This 
suggests that the undercooling and cooling rate were en-
hanced, and the resultant nucleation and growth were im-
proved. According to the analysis above, we conclude that 
the sound field has strong effects on the nucleation and 
growth of the three eutectic phases on the surface of the 
alloy sample. 
3  Conclusions 
The containerless melting and solidification of Al-27%Cu- 
5.3%Si ternary eutectic alloy, which has a melting point of 
813 K, was successfully accomplished using single-axis 
acoustic levitation with an elastic reflector and YAG laser 
beam heating system. The elastic reflector offers a self- 
adaptive adjustment to the varying temperature. It is a 
promising method to enhance levitation stability during 
containerless processing. The maximum undercooling was 
195 K (0.24 TL) and the cooling rate was about 76 K/s. The 
microstructure is composed of (Al) solid solution, θ(Al2Cu) 
intermetallic compound and (Si) semiconductor after cool-
ing during acoustic levitation or conventional condition. 
The (Al) and θ phases grow cooperatively to form the (Al+θ) 
pseudobinary eutectic. It exhibits morphological diversity, 
and the average spacing of the (Al) and θ phases decreases 
to 5.8 μm. In the (Al+θ+Si) ternary eutectic, the average 
length of the (Si) phase reduces to 12 μm. On the surface of 
the alloy sample, the (Al+θ+Si) ternary eutectics are refined. 
This indicates that surface oscillations and acoustic stream-
ing have important roles in promoting the nucleation and 
growth of the three eutectic phases on the surface. During 
the experiment, the levitation distance and the resonant dis-
tance increased with increasing alloy temperature. The levi-
tation distance must be larger than the resonant distance for 
the stable levitation of the alloy sample during containerless 
processing. With rising sound pressure, the acoustic radia-
tion pressure and the deformation of the sample also in-
crease. The maximum aspect ratio of 6.64 corresponds to a 
sound pressure of 1.8×104 Pa. 
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